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CCM3 mutations are associated with cerebral cavernous
malformation (CCM), a disease affecting 0.1-0.5% of the
human population. CCM3 (PDCD10, TFAR15) is thought to
form a CCM complex with CCM1 and CCM2; however, the
molecular basis for these interactions is not known. We have
determined the 2.5 A crystal structure of CCM3. This struc-
ture shows an all a-helical protein containing two domains, an
N-terminal dimerization domain with a fold not previously
observed, and a C-terminal focal adhesion targeting (FAT)-ho-
mology domain. We show that CCM3 binds CCM2 via this FAT-
homology domain and that mutation of a highly conserved
FAK-like hydrophobic pocket (HP1) abrogates CCM3-CCM2
interaction. This CCM3 FAT-homology domain also interacts
with paxillin LD motifs using the same surface, and partial
CCM3 co-localization with paxillin in cells is lost on HP1 muta-
tion. Disease-related CCM3 truncations affect the FAT-homol-
ogy domain suggesting a role for the FAT-homology domain in
the etiology of CCM.

Cerebral cavernous malformation (CCM)* is a common vas-
cular lesion that affects the central nervous system vasculature
with a prevalence of 0.1-0.5% in the human population (1, 2)
(OMIM 116860, 603284, 603285). CCMs manifest as thin-
walled, dilated blood vessels lined by a monolayer of endothelial
cells that lack tight junctions. The clinical effects of these
lesions include seizures, headaches, and stroke in midlife and
are often associated with focal hemorrhage (1, 2). These lesions
can occur sporadically or as a familial form attributable to
mutations in three different genes: CCM1, CCM2, and CCM3.
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A majority of mutations in CCM genes result in truncations of
their protein products, CCM1 (Krev/Rap1 Interacting Trapped
1; KRIT1) (3, 4), CCM2 (malcavernin, MGC4607, osmosensing
scaffold for mitogen-activated protein kinase kinase kinase-3;
OSM) (5, 6), and CCM3 (programmed cell death 10; PDCD10,
TE-1 cell apoptosis-related protein 15; TFAR15) (7, 8). These
mutations are inherited in an autosomal dominant fashion (9)
with acquisition of CCM lesions hypothesized to be due to a
two-hit mechanism (10-12). Expression of the CCM proteins
is required for both development and maintenance of endothe-
lial cells in the vasculature; they are required for normal vascu-
logenesis (13) and global deletion of CCM1 renders mice non-
viable (14), a result also seen in global or endothelial-specific
deletion of CCM2 (15) and CCM3 (16). Overall, the clinical and
in vivo data point to an essential role for the CCM proteins in
endothelial cells that makes them critical for vasculogenesis
and survival.

CCM1, CCM2, and CCM3 interact with one another and
play roles in multiple signaling pathways with CCM2 acting as a
hub that directly interacts with both CCM3 (17) and CCM1 (18,
19). The structural characteristics of the CCM proteins have
not been directly assessed but have been inferred by molecular
modeling and homology studies that suggest three regions in
CCM1 (NPXY-rich, ankyrin repeat, and FERM domains) (20)
and a predicted phosphotyrosine binding (PTB) domain in
CCM2 (5). The fold of CCM3 has not been identified, but has
been predicted to contain a single domain (17). The regions of
CCM3 and CCM2 that directly interact have not been mapped.

In the current study, we describe the crystal structure of
CCM3 and show that it contains two domains: an N-termi-
nal dimerization domain and a C-terminal focal adhesion
targeting (FAT)-homology domain. We show that the role of
the N-terminal domain as a dimerization domain and the
C-terminal domain is a mediator of direct interaction with
CCM2. We also show that the CCM3 C-terminal FAT-homol-
ogy domain directly interacts with the CCM2 PTB domain, that
this interaction is disrupted by point mutations in a FAK-like
hydrophobic pocket 1 (HP1) on the surface of CCM3 and that
co-localization of CCM2 and CCM3 within the cell is altered by
introduction of CCM3 FAT-homology point mutations. Previ-
ously discovered FAT domains in proteins such as FAK and
Pyk2 (21-23) have been shown to be critical for focal adhesion
targeting by directly binding to leucine-rich LD-motifs in the
focal adhesion protein, paxillin. Our crystal structure of CCM3
shows high structural homology to these domains, we therefore
investigated whether CCM3 can bind paxillin. We show that
CCM3 binds to the LD-motifs of paxillin, LD1, LD2, and LD4,
and that mutations in HP1 and in paxillin LD1 abrogate this
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Crystal Structure of CCM3

TABLE 1
Summary of crystallographic information
CCM3 cCcM3
Protein
Space group P2,2,2, P4,22

Cell dimensions, a, b, ¢ (A)
Resolution range (A)”
Unique reflections”

63.1,116.0,123.0  77.4,77.4,108.6
25-2.50 (2.59-2.50) 25-3.05 (3.16-3.05)
31805 6699

Completeness (%)* 99.1 (97.4) 99.3 (98.0)
Ry (%)* 6.1 (66.2) 8.4 (49.1)
Mn (I/a])* 16.3 (2.0) 19.3 (2.7)
Reetor (%) 22.9 (30.2) 27.8 (34.9)
Free Re,ceor (%)* 28.8 (40.1) 29.3 (41.5)
Residue range built A:15-212 14-210
B:1-210
C:10-210
D: 8-210
Free R reflections (%) 5.1 4.9
Free R reflections, no.” 1600 (101) 316 (30)
No. non-hydrogen protein atoms 6655 1630
No. water molecules 70 0
Model quality
RMSD bond lengths (A) 0.008 0.006
RMSD bond angles (°) 1.106 0.881
Mean B-factors
Overall (A?) 79.3 146.5
Protein atoms (A%) ) 795 146.5
Protein atoms NTD (N-69) (A%) 58.7 1329
Proteir; atoms «E-EF linker (70-97) 80.0 148.5
(A%
Protein atoms FAT,(98-C) (A%) 90.1 1525
Water (A2) 63.2 -
Ramachandran plot (%) favored/ 92.5/7.5/0 90.4/9.5/0

allowed/disallowed

“ Parentheses indicate the highest resolution shell.

interaction. We then show that CCM2 and paxillin LD1 can
compete for binding to CCM3. We also demonstrate that
CCM3 partially co-localizes with paxillin and that this co-local-
ization can be altered by mutations in HP1. This study provides
the first insights into the structural dynamics of interactions
between the CCM proteins, indicates direct interaction of the
CCM3 FAT-homology domain with both CCM2 and LD-mo-
tif-containing proteins, and suggests further roles for the CCM
proteins in regulation of focal adhesions.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Full-length human
CCM3 was produced in Escherichia coli and purified by Ni-
affinity and ion-exchange chromatography. For crystallization
CCM3 was concentrated to 10 mg/ml in 20 mm MES, pH 6.0,
200 mm NaCl. See supplemental materials for detailed experi-
mental procedures.

Structure Solution—Two crystal forms of CCM3, tetragonal
and orthorhombic, were grown in space group P4,22 and
P2,2,2,.UO,(C,H,0,), was used to derivatize the orthorhom-
bic crystal form. Details of the structure solution are described
in supplemental materials, Table 1, supplemental Table S1, and
supplemental Fig. S1. Final models have PDB codes 3L8I and
3L8]J.

Pull-downs—In vitro pull-down assays were conducted by
binding the N-terminal GST-tagged protein to glutathione-
Sepharose beads and incubating with the purified soluble pro-
tein, followed by extensive washing. Quadruple Lys to Asp
(K132D, K139D, K172D, K179D) CCM3 was generated
(CCM3-4KD) as were single point mutants A135D and S175D.
GST-LD repeat constructs provided by Christopher Turner
encoded paxillin LD-repeats 1 through 5 (24, 25). Mutant GST-
LD1 was made by mutation of L7/L8 to R7/R8.
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N-terminal Paxillin Pull-down Assay—His-paxillin-(1-321)
was provided by Joseph Schlessinger, and pull-down was per-
formed in a similar fashion as for the GST fusion proteins.

Competition Assay—Increasing amounts of purified CCM2
PTB domain (51-251) were incubated with GST-LD1 and
CCMS3 prior to washing.

Co-immunoprecipitation—CCM3 dimerization. Full-length
CCM3-HA was co-transfected with Flag-CCM3 variants into
293T cells. Association of CCM3-HA with CCM3 variants was
determined by IP with anti-Flag followed by Western blot with
anti-HA. Flag-CCM3 in the immunoprecipitates was deter-
mined by Western blot.

CCM3 Interactions with CCM?2 or Paxillin—Co-immuno-
precipitation was performed as described in supplemental
materials.

Immunofluorescence—Full-length wild-type CCM3 or CCM3-
4KD was transfected into bovine aortic endothelial cells
(BAEC). Transfected CCM3 and endogenous paxillin were
detected by indirect immunofluorescence microscopy with
anti-Flag (rabbit; for CCM3) and anti-paxillin (mouse) followed
by FITC-conjugated anti-rabbit and TRITC-conjugated anti-
mouse secondary antibodies. CCM3 interactions with CCM2.
Wild-type or 4 kDa Flag-tagged CCM3 FAT-homology domain
(92-212) CCM3 and full-length GFP-CCM2 were co-trans-
fected into BAECs and were detected by indirect immunofluo-
rescence microscopy with anti-Flag (mouse; for CCM3) and
anti-GFP (rabbit) followed by TRITC-conjugated anti-mouse
and FITC-conjugated anti-rabbit secondary antibodies.

RESULTS

Overall Structure of CCM3—To determine the structure of
CCM3, we purified and crystallized full-length human CCM3
(residues 1-212). We determined the structure in two crystal
forms, to 3.05 A resolution in space group P4,22 with unit cell
dimensions of @ = b = 77.4 A, ¢ = 108.6 A and to 2.50 A
resolution in space group P2-,2,2; with unit cell dimensions of
a=631A,b=116.0A, c = 123.0 A (Table 1). Initial phases
were obtained using a uranium derivative and SIR/AS for the
P2,2,2, crystal form and confirmed the register by analysis of
phased anomalous difference Fourier maps of a selenomethio-
nine derivative (supplemental Fig. S1). Structure validation was
conducted using Procheck (26) and MolProbity (27).

There are four CCM3 molecules per asymmetric unit in the
P2,2,2, crystal form arranged as two dimers, and one CCM3
molecule in the P4,22 crystal form arranged as a symmetry-
related dimer around a 2-fold axis. In each of the five CCM3
peptide chains the protein contains two distinct domains
folded from nine a-helices, which we term «A to ol (Fig. 1 and
supplemental Fig. S1E). We observe clear electron density for
residues 15 to 85, 101 to 145, and 160 to 207 in all five copies of
CCM3. There is poor electron density for the loops between
residues 86 and 100 and 146 and 159. The five copies of CCM3
clearly show a hinge between the N- and C-terminal domains
focused around residues Lys-69 to Lys-70. This hinge allows the
orientation of the N- and C-terminal domains to vary by ~25°
with respect to one another (HELIXANG) (28) (Fig. 1C). In
both crystal forms the N-terminal domain contains the strong-
est electron density and shows the lowest temperature factors,
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FIGURE 1. Overall structure of CCM3. A, scheme representation of the CCM3 dimer. The CCM3 dimerization (Dimerization) domain and FAT-homology
(FAT-homology) domains are indicated. The location of the hinge between the domains is indicated. B, same orientation as panel A showing one chain as a gray
surface and helices aB to al indicated. C, five solved CCM3 chains hinge around residues Lys-69-Lys-70. Chains C and D of the P2,2,2, crystal form show the
largest hinge angle difference and are shown. Backbone trace for all five chains from both crystal forms is superposed on the N-terminal dimerization domain.
aA, gray; dimerization domain, green; oE and loop EF, orange; FAT-homology domain, red. D, sequence and secondary structure assignments of human CCM3.
Human sequence (Swiss-Prot Q9BUL8) and residue numbers with secondary structure assignment are for helices «A through al and colored per domain asin
panel B. Residues involved in dimerization are colored yellow and the hydrophobic pocket 1 (HP1) in blue. The consensus sequence over 34 CCM3 sequences
from human to Drosophila by ClustalW is shown. (*) indicates identical; (), highly conserved; (.), semi-conserved (see supplemental Fig S4B for complete
alignment). Residues mutated in this study are colored red. All structure figures are made with Pymol.

whereas the C-terminal domain has higher temperature factors
with helices G and aH showing the most flexibility. Residues
15-210 are built in all models and have equivalent secondary
structure assignments (Fig. 1D). The largest root-mean-square
deviation (RMSD) between the N-terminal domains (1-69) for
the five CCM3 chains is 0.8 A over 52 residues and for the
C-terminal regions (70 -212) is 1.2 A over 131 residues (TOPP)
(28).

CCM3 Contains an N-terminal Dimerization Domain with
a Novel Fold—The N-terminal region of CCM3 contains
four helices that we term helices A through aD. Helix oA is
seen in three copies of CCM3, is solvent exposed with high
B-factors and is highly divergent between chains, therefore
we do not consider this an intrinsic part of the N-terminal
domain. In all copies of CCM3 in both crystal structures
helices aB through aD mediate a 2-fold or pseudo 2-fold
symmetric dimer for the P2,2,2, and P4,22 crystal forms
respectively. This dimer folds as two intercalating Vs, with
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helices aB, aC as the down-stroke, and helix aD as the up-
stroke. The two V-shaped N-terminal domains interlock and
are followed by a hinge and helix oE, which also makes inter-
chain contacts (Fig. 2). The CCM3 dimerization interface
buries a total surface area of ~3700 A? with an average of
1857 A? from each molecule (Fig. 2B), is very well conserved
(Fig. 2C and supplemental Fig S4B), and is almost entirely
hydrophobic (Fig. 2D). Depending on the crystallographic
dimer, 46—48 residues are involved in interchain interac-
tions, fewer than 9 of which form inter-residue hydrogen
bonds (PISA) (29). The largest change in surface accessibility
on dimerization occurs for residues Ile-66, Leu-67, Phe-76,
Met-17, Glu-73, and Leu-44 suggesting importance for these
residues in maintaining a dimer interface (NACCESS, S.
Hubbard and J. Thornton) (supplemental Fig. S2). The three
crystallographically observed dimers in these crystal struc-
tures have protein-protein interface shape complementarity
scores, a quantification of geometrical packing in protein
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FIGURE 2. CCM3 dimerization. A, scheme representation of the CCM3 dimer. Exploded views show the anti-parallel hydrophobic stripe for helix aC and the
symmetric hydrophobic focal point formed by lle-66 and Leu-67. B, interacting residues. Surfaces are colored pink for residues that mediate the N-terminal
dimerization interface. C, sequence conservation. The surface colored by sequence conservation is based on 34 CCM3 sequences. Darker blue indicates higher
conservation. Generated using Consurf (36). D, electrostatic potential representation (+60 kT, blue; —60 KT, red). E, immunoprecipitation. CCM3-HA was
co-transfected with Flag-CCM3 variants as indicated into 293T cells. Association of CCM3-HA with full-length CCM3, CCM3 N-terminal region (1-117), and
CCM3 FAT domain (92-212) was determined by IP with anti-Flag (M2) followed by Western blot with anti-HA. Flag-CCM3 in the immunoprecipitates was
determined by Western blot with anti-Flag. CCM3-HA in the input was also determined. Arrows indicate CCM3. Flag-1-117 is indicated with an (¥) and shown
in the overexposed panel. VC, vector control. F, size exclusion chromatography. A Superdex 200 analytical grade SEC column was used to analyze CCM3
constructs 1-212 and 92-212. Full-length (1-212) CCM3 elutes as a dimer (predicted mass: ~25 kDa) and construct 92-212 elutes as a monomer (predicted
mass: ~14 kDa). Standards used to calibrate the column were bovine y-globulin 158 kDa, chicken ovalbumin 44 kDa, and equine myoglobin 17 kDa. K, =

(V.—V,)/(V,.—V,) where V, is the elution volume of the protein, V, is the void volume, and V. is the total bead volume.

interfaces, of 0.64, 0.62, and 0.58 (SC) (28), this is low for a
homodimeric interface, usually observed the range 0.65 to
0.75 (30).

To form the CCM3 dimer, helices @B and aD’ interact
through a highly conserved hydrophobic stripe, mediated by B
residues Val-25, Met-26, Val-29, Leu-33, and aD' residues Leu-
58, Ile-62’, Ile-63’, Lys-65, and Ile-66’. Val-25 forms contacts
with Ile-66', Met-26 with Ile-66’, Val-29 with Ile-62’, and the
aliphatic region of Lys-65', and Leu-33 with Leu-58'. The
C-terminal ends of helix aD and aD’ come together in a sym-
metric hydrophobic focal point formed between residues Ile-
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66, Leu-67, lle-66’, and Leu-67" (Fig. 2A). Helices aC and aC’
interact in an antiparallel fashion, mediated by residues Ala-40,
Leu-44, Ala-47, Phe-48, and Ala-51. Residue Ala-40 packs
against Ala-51’, Leu-44 makes van der Waals contacts with Ala-
47" and Phe-48’, Phe-48 packs against Phe-48" and Leu-44/,
and Ala-51 packs against residue Ala-40" (Fig. 24). After the
hinge at Lys-69-Lys-70 separating helices oD and «E, residue
Glu-73 hydrogen bonds to GIn-60’, and residue Phe-76 in helix
oF interacts with Met-17’, Met-20" and Pro-21' from helix aB’
and GIn-60’ from helix aD. Additionally, an interaction is seen
between helix aD residue Met-64 and helix al’ residues Ile-
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188" and Val-192'. There are two invariant proline residues in
the dimerization domain of CCM3; invariant residues Pro-56
and Gly-57 are important for the ~70° angle made between
helices aC and helix aD that forms the elbow in the CCM3
dimerization interlocking V-shape. Pro-28 disfigures helix oB,
and does not play a role in dimerization, but is a component of
the broadly flat surface which allows stacking of CCM3 dimers
in both crystal forms. We have not found a representative
example of this architecture in previously determined macro-
molecular structures, searches using the CCM3 N-terminal
domain as either a monomer or a dimer with Dali (31), HorA
(32), VAST (33), and SSM (34) did not find a dimerization
domain with this fold.

To ask whether CCM3 can dimerize in vivo we conducted
cell-based assays using 293T cells co-transfected a C-terminal
HA tagged full-length CCM3 and variants of CCM3 with N-ter-
minal Flag tags. We then immunoprecipitated with anti-Flag
followed by Western blot with anti-HA. We found that wild-
type CCM3 co-immunoprecipitates with both full-length
CCM3 and also with a construct that encodes residues 1-117
(Fig. 2E). CCM3 dimerization was confirmed in vitro by cross-
linking (supplemental Fig. S2) and by size exclusion chroma-
tography (SEC) showing that full-length CCM3 is a dimer in
solution (Fig. 2F) and that CCM3-92-212 elutes from analytical
SEC as a monomer, indicating that dimerization occurs prior to
residue 92.

CCM3 Contains a C-terminal FAT-homology Domain—The
C-terminal region of CCM3 contains five helices which we term
helices oE through oI (Fig. 14). Helix «E is immediately C-ter-
minal to the CCM3 dimerization domain and both contributes
to dimerization and packs against helices oF and ol. Helix aE is
followed by a poorly structured loop from residues 84 —97 in all
of the traces (discussed below). Helices aF through al form a
four-helical up-and-down bundle that closely resembles the
FAT domains of Pyk2 and FAK; Dali searches with helices aF to
al of each of the five copies of this domain yield Z-scores higher
than 14 and RMS deviations over >110 residues of less than 2 A
for the focal adhesion targeting (FAT) domains of Pyk2 and
FAK (Fig. 3A). As FAT domains fall into the structural category
of four-helical up-and-down bundle that includes proteins such
as talin VBS, vinculin head, a-catenin M-fragment, and apoli-
poprotein E, the CCM3 FAT-homology domain also shows
high structurally homology to these proteins. While there is
high structural similarity between CCM3 and canonical FAT
domains, there is poor sequence homology, with ~14 and 10%
identity between CCM3 FAT-homology domain and the FAT
domains of FAK and Pyk2 respectively (Dali) (supplemen-
tal Fig S4A). The presence of a FAT-homology domain within
CCM3 was not predicted.

The CCM3 FAT-homology domain folds into a right-turn
up-down four-helix bundle with each of the helices rotated
~10° from the elongated axis of the FAT domain (HELIXANG)
(28), as has been seen previously for FAT domain proteins (21).
There is a well-defined highly conserved hydrophobic core in
the CCM3 FAT-homology domain that includes residues from
all four helices. At the C-terminal end of helix F there is a kink
at conserved proline, Pro-118, but CCM3 does not contain the
conserved PxPP motif seen between helices al and a2 in the
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FAK FAT domain and thought to be important for conforma-
tional flexibility of helix a1 (35). Instead, this proline residue
packs against helix aE with van der Waals interactions made
with Leu-81 and aliphatic parts of Glu-78 and Arg-82. The kink
in helix oF results in a hydrophobic cavity at the closed end of
the FAT-homology domain reminiscent of the cavities found in
previously determined FAT domains (21). The CCM3 dimer-
ization domain is located at the closed end of the CCM3 FAT-
homology domain.

CCM3 FAT-homology, but Not the CCM3 Dimer Domain,
Directly Interacts with CCM2—To investigate whether the
N-terminal dimerization domain or the C-terminal FAT-
homology domain is responsible for direct CCM3 interac-
tion with CCM2 we made constructs that encoded individual
domains. We found that the CCM3 dimerization domain
does not pull-down with full-length CCM2 but that the C-ter-
minal FAT-homology domain (CCM3-92-212) interacts with
CCM2 (Fig. 3C and supplemental Fig. S3). We then conducted
sequence conservation analysis of CCM3 (36) and found that
the FAT-homology domain contains a stunningly well-con-
served surface on helices «G and aH (Fig. 3B). The center of
this surface is aliphatic and bounded by multiple conserved
lysine residues (Lys-132, Lys-139, Lys-172, and Lys-179). We
have designated this patch HP1 (hydrophobic patch 1) after
FAK nomenclature (21). To investigate whether this conserved
surface mediates direct interaction with CCM2 we designed
point mutations to alter the charges around the edge, or the
hydrophobicity in the center of HP1. We introduced a quadru-
ple mutant, mutating four of the conserved lysines (Lys-132,
Lys-139, Lys-172, Lys-179) to aspartate (CCM3-4KD), and two
single mutations of Ala-135 or Ser-175 to aspartate (CCM3-
A135D and CCM3-5175D), and conducted pull-down analyses
(Fig. 3C). Analogous mutations have previously been used to
investigate FAT-homology domain intermolecular interactions
(21). Introduction of these mutations prevents CCM3 pull-
down with either full-length CCM2 or the predicted PTB
domain of CCM2, but mutation in the N-terminal domain of
CCMS3 does not alter binding (supplemental Fig. S3). We then
co-expressed CCM3 FAT-homology domain (92-212) and full-
length CCM2 in bovine aortic endothelial cells (BAEC). We
found that there is partial co-localization of CCM2 and the
CCM3 FAT-homology domain, and that this occurs at the lead-
ing edge. Introduction of HP1 mutations to CCM3 (CCM3-
4KD) reduces this partial co-localization at cell leading edges
(Fig. 3D). We conclude that the CCM3 FAT-homology domain
HP1 binding site mediates direct interaction with the PTB
domain of CCM2. We are unaware of previously described
intermolecular interactions between FAT and PTB domains;
therefore we believe that this interaction represents a new class
of protein-protein interaction.

CCM3 FAT-homology Domain Can Specifically Bind Paxillin
LD-repeats—Strikingly, there is significant structural homol-
ogy on the surface of CCM3 comprised of helices «G and aH
when compared with FAK and Pyk2 (Fig. 44 and supplemen-
tal Fig. S4). This was a surprising result that was not predicted.
We investigated this similarity further and found that on struc-
tural superposition of CCM3 with the FAK and Pyk2 FAT
domain three of the four surface lysines (Lys-132, Lys-139, Lys-
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FIGURE 3. CCM3 FAT-homology domain binds CCM2. A, superposition of CCM3, Pyk2, and FAK. The four helices of Pyk2 FAT domain in blue (PDB ID: 3GM1)
(22) and FAK FAT domain in orange (PDB ID: TOW?7) (23) are superposed with the FAT-homology domain of CCM3 (gray). B, surface conservation. The CCM3
FAT-homology domain shows very high conservation on the surfaces of helices aG and aH (see alignment in supplemental Fig. S3). The exploded view labels
some of the highly conserved residues and those mutated in this study. C, pull-down. Top: GST fusions of both full-length CCM2 and the predicted CCM2-PTB
domain pull-down full-length CCM3. Quadruple mutation of conserved lysines in CCM3, K132D, K139D, K172D, and K179D (CCM3-4KD) renders CCM3 unable
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immunofluorescence. CCM2 and CCM3 FAT-homology partially co-localize (white arrow), but introduction of HP1 mutations reduce this co-localization. CCM3
constructs included a C-terminal Flag tag and CCM2, an N-terminal GFP tag.

172) on helices aG and aH of CCM3 correlate extremely well ~ which includes all five paxillin LD motifs. Using wild-type CCM3
with basic residues in Pyk2 and FAK, and the surface exposed and the quadruple lysine-to-aspartate mutant that alters the con-
hydrophobic pocket between these helices is structurally con-  served HP1 binding site on the CCM3 FAT-homology domain,
served (Fig. 44 and supplemental Fig. S4). This region of FAK CCM3-4KD, we found that the FAT-homology domain of CCM3
and Pyk2 mediates focal adhesion targeting by interaction with  can interact with paxillin, and that mutation of HP1 prevents
paxillin LD-motifs and structural alignment of FAK and Pyk2 CCM3 pull-down by paxillin (Fig. 4D). We then investigated
crystal structures bound to LD-motifs (PDB codes: 3GMI, whether CCM3 can bind specific LD-motifs of paxillin. To do this
10W7,10W8) (22, 23) suggests that CCM3 could bind an LD-  we conducted pull-down experiments using GST-LD-motif con-
motif at the HP1 site in a manner analogous to focal adhesion-  structs (24, 25). We found that CCM3 binds to the LD1, LD2, and
targeted kinases (Fig. 4B). We therefore decided to investigate =~ LD4 motifs of paxillin (Fig. 4E). This interaction is abrogated with
whether CCM3 could bind paxillin a protein that contains five ~the CCM3-4KD mutant (Fig. 4F). We then investigated whether
LD-motifs. mutation of the conserved leucine residues in LD1 could alter

To test whether CCM3 can bind paxillin we initially conducted CCM3 binding and found that a double leucine to arginine
co-immunoprecipitations and found that CCM3 can co-immuno- mutation of LD1, LL7, 8RR, prevents binding of CCM3 (Fig.
precipitate with both paxillin and CCM2 (Fig. 4C). Next, we con-  4G), confirming a specific interaction between the CCM3 FAT-
ducted pull-down assays using an N-terminal tagged paxillin LD- homology domain and the paxillin LD1-motif. These mutagen-
motif construct encoding the whole N-terminal region (1-321), esis studies suggest that CCM3 binds both CCM2 and paxillin
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FIGURE 4. CCM3 binds the LD-motif region of paxillin. A, left, superposition of CCM3, Pyk2, and FAK as shown in Fig. 3A. Right, Pyk2 colored blue (PDBID: 3GM1) (22),
FAKin orange (PDB ID: 10W?7) (23), and CCM3 (gray). Residues are labeled for comparison. B, superposition of FAK FAT domain bound to paxillin LD4 peptide (PDB ID:
10W?7) (23) with CCM3 FAT-homology domain suggests that CCM3 can bind LD-motifs. C, CCM3 co-immunoprecipitation with CCM2 or paxillin. Full-length CCM3-HA
and either full-length Flag-CCM2, full-length Flag-paxillin or vector control (VC) were co-transfected into 293T cells. CCM3 immunoprecipitates both Flag-CCM2 and
Flag-paxillin. D, N-terminal 6 XHis-tagged paxillin-(1-321) pull-down CCM3, but not CCM3-4KD. E-G, CCM3 pull-downs with paxillin. £, GST fusions of paxillin LD-
motifs (24, 25) pull-down full-length CCM3. LC, Coomassie-stained loading control for GST-LD motifs. F, quadruple mutation of conserved lysines in CCM3, K132D,
K139D, K172D, and K179D (CCM3-4KD) renders CCM3 unable to pull-down with paxillin LD-motifs. G, mutation of paxillin LD1, LL7,8RR, prevents CCM3 pull-down.
H, competition. CCM2 and paxillin compete to bind CCM3. Constant GST-LD1 bound to glutathione-Sepharose beads was incubated with constant CCM3 and
increasing CCM2 PTB domain. CCM2 PTB domain competes with GST-LD1 for binding to CCM3./and J, immunofluorescence. Full-length CCM3 (/) or CCM3-4KD (J)
were transfected into BAECs. Transfected CCM3 and endogenous paxillin were detected by indirectimmunofluorescence microscopy with anti-Flag (rabbit; for CCM3)
and anti-paxillin (mouse), followed by FITC-conjugated anti-rabbit and TRITC-conjugated anti-mouse secondary antibodies. CCM3 partially co-localizes with endog-

enous paxillin at the leading edges of migrating cells. Localization of overexpressed CCM3-4KD to leading edges is reduced (indicated with white arrows).

using the same HP1 binding site within the CCM3 FAT-homol-
ogy domain. We therefore investigated whether CCM2 and
paxillin can compete to bind CCM3 using a pull-down compe-
tition assay. We bound GST-LD1 to glutathione-Sepharose
beads and incubated with constant concentration of CCM3 and
increasing concentrations of CCM2 PTB domain. We found
that the CCM2 PTB domain can compete with GST-LD1 for
binding to CCM3 (Fig. 4H), again suggesting an overlapping
binding site.

CCM3 Partially Localizes with Paxillin to Leading Edges—
We then overexpressed full-length CCM3 and CCM3-4KD in
bovine aortic endothelial cells (BAEC). Indirect immunofluo-
rescence microscopy was conducted. Wild-type CCM3 par-
tially co-localizes with endogenous paxillin at leading edges
(Fig. 41) and localization of overexpressed CCM3-4KD to lead-
ing edges is reduced (Fig. 4/).
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DISCUSSION

In this study we have determined the first crystal structure of
full-length human CCM3. We show that this is a two-domain
protein that contains a novel N-terminal dimerization domain
and an unexpected C-terminal FAT-homology domain with
poor sequence homology but high structural similarity to focal
adhesion targeting FAT domains. We show that CCM3 dimer-
izes in cells and in vitro, and that the C-terminal FAT domain is
responsible for direct interaction of CCM3 with CCM2. We
also show that the CCM3 FAT-homology domain has a highly
conserved surface that is structurally very similar to the LD-
motif binding sites of FAK and Pyk2, and that this surface can
bind the paxillin LD1-motif. We also show that paxillin LD1
and CCM2 can compete to bind the CCM3 FAT domain sug-
gesting an overlapping binding site. Localization of CCM3 with
CCM2 and paxillin within the cell was investigated and we
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found that there is partial co-localization of CCM3 with CCM2
and with paxillin, but that this co-localization is reduced on
introduction of mutations in the CCM3 FAT-homology HP1
binding site. Together these results provide a significant
advance in the understanding of the roles of the CCM proteins.

The CCM3 dimerization domain described here is the first
observation of this fold. We observe this interaction as a large
hydrophobic interface (~3700 A? total buried surface) in
two crystal forms. Our in vitro studies using SEC suggest a
dimer in solution, and co-immunoprecipitation of alter-
nately tagged CCM3 from cells suggests CCM3 homo-olig-
omerization. We therefore conclude that CCM3 forms a
dimer both in vitro and in vivo. Point mutations designed to
disrupt the observed N-terminal dimerization interface (double
mutations LA44/47DD, 1L66/67DD, EF73/76RR, and quadru-
ple mutation LAIL44/47/66/67DDDD) do not alter oligomeri-
zation with full-length protein by immunoprecipitation from
cells and do not have an observable effect on elution from SEC
(data not shown, EF73/76RR only with SEC), although E. coli
expression of soluble protein for these constructs is reduced.
From this we conclude that the large dimerization interface
with low surface complementarity is able to tolerate charge
insertions. Overall, our SEC and co-immunoprecipitation data
show that CCM3 exists as a dimer in vitro and in vivo and that
this dimerization is mediated by the N-terminal domain of
CCM3 and not by the C-terminal FAT-homology domain.

The discovery of a FAT-homology domain at the C terminus of
CCM3 was unexpected. Sequence homology, molecular model-
ing, and secondary structure analysis all failed to discover this
domain (17). The CCM3 FAT-homology domain contains an
extremely well conserved surface patch, HP1, for which many of
the surface lysine and hydrophobic residues are invariant
(supplemental Fig S4B). This suggests an evolutionarily critical
role for this domain and for CCM3. We show (Fig. 3) that the
CCM3 FAT-homology domain is responsible for direct interac-
tion with the PTB domain of CCM2, and hypothesize that this
direct interaction could be the reason for the stunning CCM3
sequence conservation in this region. We investigated the local-
ization of overexpressed CCM3 FAT-homology domain and
CCM2 in BAECs and found that wild-type CCM3 FAT-homol-
ogy domain partially co-localizes with CCM2, but that co-lo-
calization is reduced on introduction of CCM3 HP1 mutations
(Fig. 3D). Overall, these results along with structural alignment
of the FAT-homology domain of CCM3 with the focal adhesion
targeting FAT domains of both FAK and Pyk2 suggests that the
conserved surface HP1 interacts with CCM2 (Fig. 4B).

The surprising structural homology of CCM3 to the focal
adhesion targeting domains of FAK and Pyk2 lead us to inves-
tigate whether CCM3 could directly interact with the localiza-
tion target for these kinases, the LD-motif containing protein,
paxillin. To do this we first conducted co-immunoprecipita-
tions to both confirm that CCM3 can interact with CCM2 in
vivo and to investigate whether CCM3 and paxillin interact. We
found that both CCM2 and paxillin can co-immunoprecipitate
with CCM3 (Fig. 4C). We then investigated whether CCM3 can
interact with paxillin in vitro. To do this we used the paxillin
N-terminal region that contains five LD-motifs, and GST
fusions of each of these LD-motifs. We found that CCM3 pulls
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down with paxillin. Incorporation of mutations into CCM3
(HP1 mutants) and paxillin LD1 (mutation of the two central
leucine residues in LD1) prevents CCM3 pull-down (Fig. 4,
D—-G). We then used the pull-down assay to assess whether the
interaction between CCM3 and both CCM2 and paxillin is
competitive, and showed that increasing concentrations of
CCM2 reduce CCM3 binding to paxillin LD1, again suggesting
that an overlapping binding site is utilized for CCM3 binding to
CCM2 and paxillin. We then found that overexpressed CCM3
partially co-localizes with endogeneous paxillin at leading
edges and that this co-localization is reduced on introduction of
mutations in the CCM3 HP1 surface.

Opverall, the highly conserved HP1 surface on the FAT-ho-
mology domain of CCM3 seems to be important for direct
interactions with both CCM2 and an LD-motif containing pro-
tein, maybe paxillin. We suggest that our data indicates a direct
competition between CCM2 and this LD-motif containing pro-
tein to bind the HP1 site of CCM3. As the spatial and temporal
localization of CCM2 and CCM3 have previously been shown
not to be identical (18) we hypothesize that these CCM3 FAT-
homology domain interactions could be regulated in the cell, by
for example post-translational modification.

Cerebral cavernous malformations are sometimes-fatal dys-
plasias that can result in hemorrhagic stroke, epilepsy and focal
neurological outcomes. The discovered mutations in CCM3
that are associated with CCM in the human disease result in
frame shifts and truncations of the expressed protein, and
almost always affect the FAT-homology domain (7-9), indicat-
ing the importance of this domain for normal function of endo-
thelial cells. An example truncation mutation, CCM3-1-117,
was tested in this study and found to be poorly expressed,
implying that inclusion of a fully folded CCM3 FAT-homology
domain is important for stabilization of the expressed protein
in the in vivo setting. Therefore, truncation of CCM3 results in
a loss of critical protein-protein interactions with CCM2 and
LD-motif-containing proteins, and in the destabilization of
endothelial cell-cell interactions seen in CCM. These trunca-
tions invariably affect the CCM3 FAT-homology domain, sug-
gesting functional importance for this domain in the regulation
of endothelial cell stability. Overall, the discovery that CCM3 is
a multidomain dimeric protein that contains a FAT-homology
domain which can bind both CCM2 and LD-motifs of paxillin
provides a significant advance that will allow for improved
understanding of the signaling pathways involved in acquisition
of cerebral cavernous malformation, and the functions of the
CCM proteins in development and maintenance of endothelial
cells in the vasculature.
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